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Abstract: Doppler renal resistive index (RRI) has been used for several decades as a potential indicator for renal
disease and progression. In recent years, RRI has emerged as a useful prognostic indicator for a range of co-
morbidities in patients who are acutely unwell and as a potential marker for sub-clinical acute kidney injury
(AKI) and post procedural AKI risk. Despite this, the clinical and theoretical determinants of RRI are poorly
understood and remain contentious. Method: A narrative review of studies exploring the theoretical,
experimental, and clinical evidence for factors affecting RRI. No date restrictions were set. Findings: Both
experimental and clinical data confirm that RRI is markedly affected by a range of systemic and renal
determinants and is influenced closely by the underlying risk factors and systemic vascular changes that lead
to progressive renal damage. Discussion: This paper provides an overview of the key haemodynamic
determinants of renal resistive index and aims to clarify their relative importance. With reference to a simplified
theoretical model, evidence from experimental and clinical studies is reviewed. Pathophysiological factors and
patient characteristics that influence RRI are explored to provide a better understanding of why RRI values
change in the presence of common or complex pathologies. Conclusion: By gaining a better understanding of
the complex systemic and renal factors that influence RRI, ultrasound users will be better prepared to
understand and interpret changes in RRI across a range of patient presentations.
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1. Introduction

Doppler renal resistive index (RRI) has been used for many decades to predict renal dysfunction
in a range of patient presentations [1-5]. Despite its widespread use in the assessment of pathology
in both native and transplant kidneys, the determinants of RRI are poorly understood. This makes
interpretation of RRI values difficult and has led to neglect of this potentially useful marker in some
areas of practice.

This paper explores the theoretical and patient factors that influence RRI and their relative
impact. Better understanding of these will inform interpretation of RRI measurements in the presence
of pathology and as a predictor of progressive renal dysfunction.

2. Methods

A range of subject-specific electronic data bases were used to identify relevant papers including
EMBASE, Pubmed, Web of Science, Scopus, BioMed Central, EBSCO Medical databases, Medline and
the Cochrane library. No date limitations were set.

Key search terms emerged from an initial scoping search and reflect the varied terminology used
in papers exploring the determinants of RRI. English language papers reporting the use of Doppler
renal resistive index use a variety of synonymous terms and abbreviations including renal RI, renal
resistive index, renal Doppler, RI and RRI. In subsequent stages of the search these terms were used
to identify studies of Doppler ultrasound investigation of renal blood flow parameters.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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A narrative interpretive review of studies was undertaken exploring the theoretical,
experimental, and clinical evidence for factors affecting RRI.

3. What Is Renal Resistive Index (RRI) and What Does It Measure?

RRI is essentially an expression of the percentage reduction in end diastolic flow in relation to
maximum flow at peak systole within a selected renal vessel.

RRI = PSV - (EDV / PSV)
PSV = peak systolic velocity =~ EDV = end diastolic velocity

Any physiological or pathological influences that affect relative flow velocities at diastole and
systole will change the value of RI. Emerging initially as a measure of renal function in patients with
renal artery stenosis [6] RRI was assumed to be associated directly with altered resistance to flow
within the kidney and with a range of renal pathological structural changes. However, subsequent
experimental and in vivo studies have demonstrated that RRI is more closely associated with several
systemic factors [7,8] .

Ironically, repeated clinical studies have demonstrated that RRI appears to have very little
dependence on renal vascular resistance [9-14] . For this reason, use of RRI as a useful (direct)
indicator for renal disease has been challenged. However, in recent studies, RRI has been shown to
be affected by a number of extra-renal factors that explain the observed value of RRI as a strong
prognostic indicator for patients with renal damage and a potential predictor of acute kidney injury
(AKI) risk.

3.1. Theoretical Determinants of Rl

Despite the term ‘resistive index’, this dimensionless ratio is more accurately an indicator of flow
pulsatility. Simplified analysis demonstrates that this model of Rl is largely independent of vascular
resistance [12].

RI = (PSV-EDV) / PSV RI = 1 - (EDV/PSV)

Velocity (V) =Flow /Lumen area (LA)

Flow = difference in blood pressure (AP) / Vascular resistance (R)
Therefore: V. =AP/(RxLA)

AsRI = 1 - (EDV/PSV)
RI=1-[AP /(R x LA Piast)] / [AP / (R x LA 5%!)] (Adapted from
O'Neil, 2014)

Although luminal cross-sectional area and pressure within the vessel will change during systole
and diastole, renal vascular resistance is unlikely to alter during the time frame of a single cardiac
cycle [11,12].

Therefore, if R remains constant between systole and diastole, then

RI=1- (AP /LA)Diast / (AP / LA) Svst

This simplified model outlined by O’Neil explains in part the relative independence of RRI from
vascular resistance but, does not take into account the complexity associated with distal vascular
compliance (capacitance) or non-uniform flow throughout the cardiac cycle. Once impedance of the
distal vascular bed is considered, RI does demonstrate some dependence on resistance [12].

3.2. Key Haemodynamic Determinants of RRI
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Whilst experimental and in vivo studies demonstrate an inconsistent relationship between RRI
and vascular resistance, three haemodynamic parameters emerge that appear to have a direct impact

on RRL
. Ratio of diastolic to systolic blood pressure
. Combined effect of interstitial and venous pressure
] Ratio of lumen area in systole and diastole at the sample site

O’Neil [12] clarifies the mathematical relationship between these factors and the simplified flow
equation below.

RI=1— (AP biast/ AP syst ) X (LA syst / LA Diast)
OR
RI=1- [ (P Diast — PO) x LA Syst / LA Diast) ]

Po = Combined interstitial and venous pressure.

Ratio of diastolic to systolic blood pressure (Paiast and Psyst )

The ratio of Pdiast and Psyst is an inverse function of pulse pressure and is affected primarily by
cardiac output and systemic arterial compliance (vessel stiffness).

Experimental data confirm a strong correlation between RI and aortic pulse pressure [9,11,12].
This is supported by the findings of several clinical studies where pulse pressure appears to be the
main determinant of renal RI [10,14].

Pulse pressure is affected by:

] Cardiac output

J Fluid volume

] Systemic arterial compliance (vascular stiffness)
. Heart rate

J Blood pressure

] Renal artery disease

. Distal vascular disease

These factors are explored further here.

The combined effect of interstitial and venous pressure (Po) is essentially the renal capil lary
wedge pressure. Anything that changes interstitial or venous pressure will therefore affect RI.

The kidney is encapsulated by a thin fibrous sheath that provides a degree of stability and
protection for the organ. In the presence of hydronephrosis, acute inflammation, oedema or
haematoma, the kidney volume increases. However, this expansion of the kidney is limited, with the
renal capsule providing the major opposing force [15]. Intrarenal pressure therefore increases under
these conditions. Even excessive pressure applied through the ultrasound transducer can result in an
increase in interstitial pressure that may influence RRI [16]. This is particularly relevant in transplant
kidneys that are relatively superficial. Similarly, venous pressure may change due to renal vein
thrombosis, hypovolaemia or vasoplegia (due to sepsis or post-surgery).

Ratio of lumen area in systole and diastole at the sample site

Vessel lumen cross sectional area (LA) changes throughout the cardiac cycle.

The relative cross sectional area at systole and diastole is a theoretical determinant of RRI and is

affected by
] vascular wall stiffness
. vessel compliance
o Interstitial pressure (increased recoil during diastole if iP raised)

3.3. Determinants of RRI: Evidence from Clinical and Experimental Studies
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Numerous clinical and experimental studies highlight the complexity of these associations
between RRI and systemic haemodynamic factors. Early investigations (primarily of patients
presenting with renal artery stenosis) focused on renal recovery, identifying poor outcome in patients
with raised RRI [6,11]. Subsequent studies in critical care have generated a wealth of evidence
supporting the close association of RRI with a number of outcome measures including renal recovery,
need for long term renal replacement therapy and death [7,17].

Despite the promising role of raised RRI in patient prognosis and predication of renal recovery,
research evidence confirms that systemic factors are the key determinants of RRI and that RRI cannot
be considered a useful direct indicator of renal disease. Interpretation of these somewhat
contradictory findings requires a better understanding of the complex association between non-renal
haemodynamic factors, individual patient characteristics, how these affect renal blood flow and their
potential influence on risk of renal damage. The impact and relative contribution of these factors as
determinants of RRI are explored further.

3.3.1. Systemic Factors - How is RRI Affected by Blood Pressure?

The observed relationship between RRI and the components of blood pressure (steady and
pulsatile) are consistent with the theoretical understanding of RRI, and offer some insight into how
these systemic factors may result in renal injury. General population studies [13] and studies of
hypertensive patients [11,18] demonstrate a somewhat surprising but consistent inverse relationship
between RRI and mean arterial pressure (MAP) that appears to be independent of other co-variables
[8]. Whilst this is not a direct indicator of renal function, reduced MAP over time would be consistent
with a pattern of poor renal perfusion. However, this relationship does not appear to hold in critically
ill patients with sepsis where poor correlation between RRI and MAP is noted [19,20]. This suggests
that, in these patients, other factors affecting renal circulation may have a more dominant role in RRI.
(Whilst this effect is poorly understood, this does limit the use of RRI in management of fluid balance
in these sick patients.)

3.3.2. Influence of Pulse Pressure on RRI

A key determinant of pulse pressure is compliance of the large arteries. In a normal patient, as
blood is ejected from the heart, expansion of the aorta effectively dampens the pulse. This effect
contributes to maintenance of continuous steady flow to the kidneys. Where compliance of the aorta
is reduced due to vessel wall stiffening, this damping effect is absent, and the renal microvasculature
is exposed to high pulse pressure. In a review of studies exploring the association between aortic
stiffening and microvascular disease, O'Rourke et al [21] proposed that these high-pressure
fluctuations (increasing markedly with age of the patient) may result in epithelial damage leading to
renal insufficiency.

These findings led to a plethora of studies that explore the relationship between RRI and central
pulse pressure (cPP) or peripheral pulse pressure (pPP) [9,13,22-24]. In all cases, a consistent and
significant positive association was noted.

One of the key challenges of studies exploring this association was the difficulty of separating
the contributory effects of renal and non-renal factors. This was further complicated by the fact that
a high proportion of studies were undertaken in critical care, where patients have multiple
confounding co-morbidities and high incidence of chronic renal disease. This has been resolved (at
least in part) by studies of transplant kidneys where RRI is also noted to be strongly dependent on
aortic pulse pressure of the recipient rather than the donor [9,10,25,26].

In a landmark study in 2013, Naesens et al [10] compared baseline RRI and RRI at the time of
biopsy in 321 transplant recipients. Unlike studies of native kidneys, in transplant patients, the
relative contribution of renal and systemic factors on RRI can be explored. This allowed close scrutiny
of the relationship between RRI measurements and renal histology. In this study, the strongest
independent factor for increased RRI was recipient age (P<0.001). However, there was also close
association with increased pulse pressure and reduced MAP. The authors conclude that serial
measurements of RRI at the time of biopsy reflect characteristics of the recipient rather than the graft.
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This important study supports the conclusion that RRI is of limited use as a direct indicator of renal
function. However, in the same study population, RRI was closely associated with recipient survival
and provides useful prognostic stratification in sick patients.

3.3.3. Relationship between RRI and Cardiac Output

Normal renal function is dependent on a constant blood supply which is, in turn, dependent on
cardiac output. Renal autoregulation is essential in maintaining stable glomerular filtration rate
(GFR). The heart and kidneys also play a closely associated role in maintaining haemodynamic
stability and severe dysfunction in either of these organs is unlikely to occur in isolation [27].

The amount of blood available to the kidney (roughly 20% of total cardiac output) is dependent
on total blood volume and on left ventricular output. Kuznetsova et al [13] explored the relationship
between RRI and left ventricular outflow in a general population study (n=171). Doppler assessment
of left ventricular outflow tract (LVOT) and transmitral peak velocities demonstrated significant
association of RRI with central pulse pressure and left ventricular systolic and diastolic Doppler
blood flow indexes. (RRI was significantly and positively associated with LVOT and E peak velocities
(P <0.012) and VTIs (P < 0.010).) Although the precise causal relationship is unclear (acknowledged
by the authors), this study demonstrates that, in an unselected population, the Doppler spectral
profile within the intrarenal arteries is influenced by cardiac hemodynamic factors. However, in the
same study, the correlation between RRI and cardiac factors was not as strong as that observed with
central pulse pressure (P <0.0001).

The findings of this study (of well patients) are difficult to translate to a sick or elderly in-hospital
population where cardiac output is likely to be compromised. No studies are identified that explore
simultaneous longitudinal changes in cardiac and renal haemodynamics. However, altered cardiac
output in critically unwell or acute presentations is likely to be of more significance than this study
suggests. This could be particularly relevant in older patients presenting with reduced left heart
function in combination with hypovolaemia or vasoplegia associated with fluid loss or sepsis.

4. Discussion: Renal Causes of Altered RRI

The experimental and clinical studies reviewed here provide compelling evidence that changes
in RRI are determined predominantly by systemic haemodynamics rather than isolated renal
pathology. However, there are instances where a direct causal link with renal factors is demonstrated.

4.1. Interstitial Pressure and Vascular Compliance

RRI clearly reflects renal artery pulsatility [8,13] and as such may be a useful indicator of early-
stage renal microvascular damage. From the mathematical model outlined by O’Neil [12], raised
interstitial pressure (iP) will also affect RRI. The impact of moderately increased iP may be masked
by autoregulation. However, where iP is more markedly increased, luminal cross-sectional area and
end diastolic velocity (EDV) are likely to be affected. These predicted findings are confirmed by
experimental study of ex-vivo hydronephrotic kidneys [28]. Although RRI appears to be largely
independent of vascular resistance (the ratio of pressure to flow) [11,25,28] experimental evidence
supports the hypothesis that changes in compliance of the renal vascular bed and interstitium are
contributory factors in the raised RRI values observed where renal disease is present. Direct
evaluation of the stiffness and elasticity of intrarenal arteries is problematic. However, in an elegant
study of isolated perfused rabbit kidneys, Murphy et al [29] explored this effect indirectly by inducing
raised interstitial pressure via incremental increase in ureteral pressure.

As a surrogate measure of overall distensibility of the vascular bed, vascular conductance (ratio
of flow to pressure) was measured (along with mean flow, mean pressure and RRI) under different
driving arterial pressures. They hypothesized that the raised iP caused by obstruction of the kidney
would restrict distension of the intrarenal arteries and arterioles. In this landmark study, increase in
ureteral pressure was associated with:

. consistent and reproducible increase in RRI

. increase in RVR (overall mean renal vascular resistance)
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. significant reduction in flow

] significant reduction in mean conductance

(P<0.05 for all values) Of particular note was the relative reduction of conductance measured at
systole and diastole. A greater proportional reduction (and hence flow) was observed during diastole.
The kidney is inherently a low resistance structure, evidenced by the positive flow throughout
diastole seen in a normal spectral waveform (Figure 1).

- *’.'-.;;1.1

&
:
flow \iiﬁ "-

d{astoref

Figure 1. Renal inter-lobar artery spectrum. Positive flow throughout the cardiac cycle with high end
diastolic flow evidences low vascular bed resistance.

In a normal kidney, iP is approximately zero. Arterioles have high cross sectional area and these
small compliant vessels are free to expand during systole. The distensibility of a vessel is dependent
on wall stiffness, the pressure exerted through the wall (transmural pressure) and the compliance of
the surrounding interstitium. Murphy et al [29] hypothesised that, when iP is raised, arterioles will
dilate to approximately full extension during systole, but will collapse down to close to occlusion
during diastole. End diastolic flow is therefore reduced. As RRI is a ratio of peak systolic to end
diastolic flow (PSV — EDV / PSV) this would account for the observed increase in RRI. The relative
contribution of renal vascular resistance and compliance in raising RRI is difficult to determine from
this study. However, previous experimental work by the same authors confirmed that even marked
increase in vascular resistance (through pharmacologically induced vasoconstriction) resulted in only
minimal increase in RRI [25,29]. They conclude that the impact of raised iP on conductance
(particularly at diastole) seems to be the reason why RRI rises with increased ureteral pressure.

Results from these important studies suggest that, in addition to pulse pressure, raised
interstitial pressure has an important role in increasing RRI. This raises the possibility that RRI could
be a direct indicator of renal pathologies that increase interstitial pressure or reduce vessel
distensibility.

4.2. Patient Characteristics Affecting RRI

In addition to the haemodynamic factors considered here, several patient anthropometric
characteristics have also been linked with RRI. General population studies > show a strong positive
correlation between RRI and subject age, female gender and body weight and a negative correlation
with height. In addition to these independent patient characteristics, in large studies of hypertensive
patients [9,22,23] multi-variate analysis demonstrates a positive correlation between RRI,
hypercholesterolemia and use of renin-angiotensin system (RAS) inhibitors. In general, patient age is
identified in all studies as the strongest independent determinant of RRI.
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4.3. Reduced Renal Functional Reserve and Risk of Acute Kidney Injury

Review of the studies considered here identifies significant historic confusion regarding the
determinants of RRI, which was long regarded as a direct reflection of renal vascular resistance [7,29].
This view of RRI, based on early experimental data from animal studies, led to speculation that RRI
could provide a useful non-invasive measure of renal perfusion and intrarenal pathology. However,
as a better understanding of the influence of systemic haemodynamic factors has emerged, it is more
useful to think of raised RRI as an indicator of reduced renal functional reserve. As such, raised RRI
can be considered a ‘red flag” marker for the conditions in which AKI risk is increased.

The aetiology of AKI is highly complicated with multiple contributory factors and complex
associations between pathological conditions, acute events and renal auto regulatory response.
Individual risk of the rapid functional decline associated with AKI is dependent on pre-existing
chronic renal damage and the severity of acute insult. In broad terms, the picture emerging from
review of recent literature is that there is significant overlap between the determinants of RRI and
age-related risk factors (such as arterial stiffening) that result in gradual functional decline. This
pattern is consistent with evidence from critical care that indicates that raised RRI performs better
than all other independent patient characteristics at predicting outcome of an episode of AKI
[29,32,33,35,36].

Although the key determinants of RRI discussed here are systemic, there is compelling evidence
that RRI can also be influenced directly by raised interstitial and venous pressure. This suggests that,
as well as acting as a marker for chronic reduced functional reserve, raised RRI may also have
potential as a marker for sub-clinical AKI in patients who are acutely unwell. The association between
systemic and renal determinants of RRI and raised risk of AKI are summarised in Tables 2 and 3.

Table 1. Systemic determinants of RRI associated with renal functional decline.

Patient factor ~ Key haemodynamic  Impact on Impact Significance Potential link to
determinant intrarenal on RRI of factor as immediate (or
blood flow determinant of  future) AKI risk
RRI
Hypertension 1 systolic pressure 1T PSV T RRI major Microvascular

trauma over
time —

| functional

reserve
Increased 1 systolic pressure T PSV T RRI major Microvascular
central pulse trauma over
pressure time —

| functional

reserve
Increased | aortic compliance 1 PSV T RRI major Microvascular
systemic trauma over
arterial time —
stiffness | functional

reserve
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Left heart | diastolic pressure | EDV T RRI minor Long term
failure — hypo-perfusion
decreased — ischemic
flow LVOT damage — |
functional
reserve
Reduced mean  Poor renal | EDV T RRI minor Long term
arterial perfusion over time hypo-perfusion
pressure — ischemic
(MAP) damage — |
functional
reserve
Bradycardia Increased diastolic | EDV RRI minor Long term

duration

hypo-perfusion
— ischemic
damage — |
functional

reserve

Table 2. Acute determinants of RRI associated with rapid renal functional decline.

Patient factor Key Impacton Impacton  Potential link to
haemodynamic intrarenal RRI immediate (or future)
determinant blood AKI risk

flow

Hydronephrosis 1 interstitial | EDV 1T RRI Impact may be masked

Acute inflammation pressure 1 ratio of by auto-regulation.

Oedema luminal

Haematoma CSA

Renal vein 1 venous | EDV T RRI Tubular ischemia due to

thrombosis pressure hypo-perfusion

Hypovolaemia

Vasoplegia (sepsis

or post-surgery).

Trauma *renal vaso- | EDV T RRI Tubular ischemia due to

Rhabdomyolysis constriction hypo-perfusion

+ hypovolaemia | renal blood
flow

End diastolic velocity (EDV) Cross sectional area (CSA)

5. Summary and Conclusion

Use of RRI as a marker for renal disease has something of a checkered history. As recognition of
the importance of systemic determinants emerged, the concept of RI as a direct indicator of declining

renal function, particularly in native kidneys, has been largely rejected. However, a plethora of
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studies over the last decade have identify RRI as a useful prognostic indicator for a range of co-
morbidities in patients who are acutely unwell. RRI more accurately reflects the complex combined
effects of systemic circulation and renal microcirculation and is now rightly understood to be a
marker of systemic cardiovascular risk rather than an isolated prognostic indicator for renal recovery
[30]. However, high RRI (= 0.7) compares favourably with conventional markers (albuminuria and
low eGFR) as an early indicator of diabetic kidney disease, and as a potential marker for sub-clinical
acute kidney injury (AKI) and post procedural AKI risk [7,31-36].

There are no curative therapies for the damage caused by these acute or chronic conditions, both
of which result in irreversible reduction in renal function. Therefore, outcomes can only be improved
by preventive care and early intervention. Despite high level focus on this as a research priority, a
reliable method of early detection and assessment of individual risk of AKI is still proving to be
elusive [37]. The current method of AKI diagnosis is based on assessment of changes in serum
creatinine level (sCr) which typically will rise 2-3 days after the initial renal insult and on reduced
urine output over more than 6 hours [38—42]. Both markers have poor sensitivity and specificity and
are limited by an inherent time lag between observed changes and the time of initial injury to the
kidney.

Evidence for the re-emergence of RRI as a marker for renal compromise is largely from point-of-
care studies of acutely unwell patients in critical care and may be difficult to translate into a general
population. However, these studies have highlighted the significant potential for RRI as a useful
alternative to conventional protocols for staging and management of long-term conditions that
impact on renal functional reserve. In an aging population, early detection and preventive care would
have significant potential cost savings. This may have further significance as the long-term impact of
COVID-19 continues to emerge and the reported association of this condition with AKI risk is better
understood [43].

Anecdotally, RRI measurement in patients presenting to central imaging departments in the UK
does not form part of routine imaging protocols. In view of the wealth of recent evidence emerging
from point-of-care studies, this is perhaps worth revisiting. However, in all contexts, a good
appreciation of the complexity of RRI is essential if diagnostic confusion is to be avoided. In this
review, the key haemodynamic determinants of RRI have been outlined and their relative importance
explored. By gaining a better understanding of the systemic and renal factors that influence RRI,
ultrasound users will be better prepared to understand and interpret changes in RRI across a range
of patient presentations.
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